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METHOD AND APPARATUS FOR TEMPERATURE 
COMPENSATION OF READ-ONLY MEMORY 


CROSS REFERENCE TO RELATED APPLICATIONS 

5 This application is a continuation-in-part of U.S. patent application, Serial 

No. 09/095231 entitled "RESISTIVE ELEMENT FOR SEMICONDUCTOR 
DEVICES," filed on June 10, 1998, and related to U.S. patent application, Serial No. 
08/748.035 entitled "STRUCTURE FOR READ ONLY MEMORY," filed on November 
12, 1996, which subsequently issued as U.S. Patent No. 5.847.442, which are assigned to 

10 the same assignee and are incorporated by reference herein. 


JL, FIELD OF THE INVENTION 

Q This invention relates generally to electronic circuits and, more particularly, to 

u 1 5 temperature compensation of read-only-memory (ROM) electronic circuits. 

BACKGROUND OF THE INVENTION 

Read-Only Memories (ROMs) are well known in the art. Typically, ROMs are 
used in computer systems to provide a permanent storage of program instructions, such as 
20 mathematical functions, or informational data that is processed by mathematical 

functions. As is known in the art, a ROM typically consists of a planar array of parallel 
word lines, which are perpendicular to and insulated from a planar array of parallel bit 
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lines. In one embodiment of a ROM device, the two planes containing the word lines and 
bit lines are vertically disposed from each other and separated by an insulating layer. 
Active semiconductor devices such as bi-polar transistors or metal oxide semiconductor 
field effect transistors (MOSFETs) interconnect the junction of each word line and each 

5 bit line to form a memory cell. Typically, in the fabrication process, and for economy of 
scale, all the cells are populated with devices, and then a link to a particular device is 
opened in the encoding process to render that cell inactive. The connection or lack of 
connection of a device at a memory cell determines whether a logic "1" or "0" is stored in 
the cell. The control electrode (base or gate) of the active device is connected to the word 

10 line, and the emitter or source electrode is typically connected to the bit line, for transistor 
or MOSFET devices, respectively. A positive potential on a word line turns "on" the 
device at that cell. Where there is no physical link at the cell there is no signal 
transmitted to the bit line. The bit lines are then read in parallel to obtain a group of "1" 
and "0" signals that form the output of the ROM. 

1 5 ROM devices may also be fabricated with resistive interconnections. U.S. Patent 

5,847,442 to Mills, et al, entitled "Structure for Read-Only Memories," which is 
incorporated by reference herein teaches a ROM device fabricated using resistive devices 
to interconnect word and bit lines. The use of resistive devices is advantageous over 
transistor devices as resistive devices are easier to fabricate and smaller in size. A brief 

20 summary of the incorporated reference is presented to provide a better understanding of 
the invention claimed herein. 

A ROM device fabricated with resistive devices is illustrated in Figure 1 of the 
referred to U.S. Patent and is repeated herein as Figure 1. In the device shown, only 
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certain word lines 28 are connected to bit lines 40 by resistive device 30. The connection 
between word line 28 and bit line 40 is specified by the specific data stored in the ROM 
device. Resistive device 30 is formed as a column, or post, within the insulating material 
that separates parallel word line 28 from the vertically disposed parallel bit line 40. 
5 Resistive device 30 may be fabricated within a wide range of values. In order to 

reduce cross-talk between word line 28 and bit line 40 the minimum value of resistance is 
in the order of tens of Megaohms. To achieve resistive values in the order of tens of 
Megaohms in the space allocated, resistive device 30 is typically comprised of a 
polysilicon material having a controlled resistivity. Polysilicon materials are well known 
1 0 in the art and, as is known, may be formulated in a doped or undoped condition. Doping 
elements are typically selected from a group of elements consisting of boron, 
phosphorous, arsenic, and antimony. As discussed in the referenced patent, a significant 
advantage of using a polysilicon post as a resistor device to interconnect word and bits 
lines is a decrease in the size of a memory cell as resistive devices are smaller and 
1 5 required less power than transistors or MOSFETs. 

However, polysilicon is highly temperature sensitive, and, as is known in the art, 
the resistance of polysilicon decreases significantly with an increase in temperature. As 
the temperature increases and the resistivity of the connecting polysilicon resistive device 
decreases, the current through the resistive device increases. The increased current is 
20 known in the art to adversely affect the output voltage of the ROM as the output voltage 
is directly related to the current. One method of compensating for the increased output 
voltage is also disclosed in the aforementioned U.S. Patent. This method discloses using 
an operational amplifier with a gain characteristic responsive to the change in temperature 
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as sense amplifier 42. As disclosed, the operational amplifier employs a feedback resistor 
with electrical and thermal characteristics similar to those of data resistor 30. In this 
method, the gain of the operational amplifier decreases as the resistance of the feedback 
resistor decreases. The decreased gain compensates for the increased data current and 

5 maintains the output voltage substantially constant. 

However, a disadvantage of this method of compensation is that the current 
flowing through the ROM device remains strongly related to the change in temperature. 
This change in current flow further affects the switching speed of the ROM device, and 
accordingly, the switching speed remains strongly influenced by the change in 

1 0 temperature. 


SUMMARY OF THE INVENTION 

The present invention relates to temperature compensation of Read-Only Memory 
1 5 (ROM) that uses a temperature sensitive resistive material to connect word and bit lines. 
In such devices, the change in temperature adversely affects the output voltage and the 
switching speed of the ROM. 

In accordance with the invention, the current through a data resistive device is 
maintained at a substantially constant level by supplying to the ROM an input reference 
20 voltage that is responsive to changes in temperature. In one embodiment of the invention, 
an input reference voltage is developed by supplying a constant current source across a 
temperature-dependent reference resistor. The resistance of a reference resistor changes 
in response to changes in temperature and the voltage across the reference resistor (and 
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input to the ROM) changes accordingly. By changing the input voltage in response to a 
change in temperature, the data current to the ROM data resistors remains substantially 
constant. With a substantially constant current flow through the ROM device, the output 
voltage and ROM switching speed are maintained substantially constant. 

In an exemplary embodiment of the invention, the reference resistor is made from 
a material that has a similar temperature-dependent resistivity as the material selected as 
the resistive device that interconnects word and bit lines within the ROM. In this 
embodiment of the invention, a change in resistance of the reference resistor matches a 
change in resistance of the data resistor, thus causing the current flow through the data 
resistor to remain substantially constant for any change in temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The advantages, nature and various additional features of the invention will 
appear more fully upon consideration of the illustrative embodiments to be described in 
detail in connection with the accompanying drawings. In the drawings: 

Figure 1 is a plan view of a ROM device constructed using resistive devices; 

Figure 2 is a circuit diagram of one embodiment of the invention; 

Figure 3 is a plan view of one embodiment of the invention illustrated in Figure 2 
incorporated into the ROM device illustrated in Figure 1; and 

Figure 4 is a second embodiment of the invention illustrated in Figure 2 
incorporated in the ROM device illustrated in Figure 1. 
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It is to be understood that these drawings are for purposes of illustrating the 
inventive concepts of the present invention. It will be appreciated that the same reference 
numerals, possibly supplemented with reference characters where appropriate, have been 
used throughout the figures to identify corresponding parts. 


DETAILED DESCRIPTION 

Figures 1 through 4 and the accompanying detailed description contained herein 
are to be used as illustrative examples of exemplary embodiments of the present 
invention and should not be construed as the only manner of practicing the invention. 

Referring now to Figure 2, there is shown an exemplary embodiment of the 
invention. In this embodiment of the invention, switch 25 is used to translate a command 
on an input address line 24 to a voltage on word line 28. In the exemplary embodiment 
of the invention illustrated, a MOSFET switch is used to translate an address line 
command to a word line voltage. As would be understood by those skilled in the art, a 
plurality of different switch types, using different technologies, may be used to translate 
an address line command to a word line voltage. For example, CMOS, Bi-polar 
transistor, diodes, mechanical and electro-static switches may be used in accordance with 
the invention. In this illustrated embodiment, when switch 25 is gated high (i.e., on) the 
current I a , generated by constant current source 27, flows through the switch to ground. 
However, when the illustrated switch is gated low (i.e., off) then current, I a , develops a 
reference voltage, V r , across reference resistor 29 that is applied as input voltage, V(, to 
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driver 26. As illustrated, driver 26 is represented as an unity gain operational amplifier 
configured as a voltage follower. As is known in the art, the voltage V\ at the high 
impedance input of the amplifier is present at the low impedance output of the amplifier. 
Hence, the reference voltage is present at the input side of data resistor 30. 



In accordance with one embodiment of the invention, reference^esistor 29 is a 

temperature-dependent resistor having similar properties of conductivity as data resistor 

30. As the temperature changes, the resistive value of referenc/ resistor 29 changes and 

the voltage developed across reference resistor changes in direct relation to the change in 

resistance. In the specific case that data resistor 30 and /eference resistor 29 have the 

1 0 same electrical and thermal characteristics, upon gatiftg switch 25 off the driver voltage 

V r appears on word line 25 and current I a flows fifom an input line (word line 28) to an 

output line (bit line 40) through datWesistor 30/ Current I a is then supplied to sense 

amplifier 42 to produce an output voKage/^nse amplifier 42, in this exemplary 

\ \ / \^ 

illustration of the present invention, is an i^eratWl amplifier with a fixed, temperature- 
1 5 independent, resistor 41 . As is known irffl^art, the output voltage of sense amplifier 42 
may be determined from the value of the fixe^feedback resistor 41 and the current I a as: 

v out J -IaR 
where R is the value of feedback resistor 41. 
In accordance with one Embodiment of the invention, reference resistor 29 is 
20 formed from a material with substantially similar properties of conductivity as those of 
data resistor 30. In this casfe, the resistance values of data resistor 30 and reference 
resistor 29 change at sub/tantially the same rate in response to a change in temperature. 
Accordingly, with con/tant current I a supplied to reference resistor 29, the voltage 
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developed across reference resistor 29 at any temperature is substantially the same as the 
voltage drop across data resistor 3ofetas^by current I a flowing through data resistor 30. 
The input reference voltage is thuya^te^ataT&te that maintains current I a 
substantially constant through data resisV 30 when the associated word line is selected. 

Figure 3 illustrates one embodiment of the present invention incorporated in a 
resistive device ROM illustrated in Figure 1. In this embodiment of the invention, a 
temperature compensation circuit of the type illustrated in Figure 2 is connected to each 
input word line 28 through driver amplifier 26. In this illustrated embodiment, inputs 20 
provide commands to an n-stage ring counter 22 having a series of outputs connected to 
address lines 24. Address lines 24 are then connected, in this illustrated embodiment to a 
series of MOSFET switches 25, one switch for each address line. Coupled to each 
switch, is a reference resistor 29. 

As discussed previously in regard to Figure 2, reference voltage V r is developed 
across reference resistor 29 by supplying a constant current to temperature-dependent 
reference resistor 29, when the illustrated switch 25 is gated low. When switch 25 is 
gated high, the reference voltage is nominally at ground level. Reference voltage V r is 
then used as input voltage V t to driver 26. Drivers 26 are typically in a low output state 
and each driver, when turned on, produces an output voltage Vo that follows the input 
voltage, Vf. In accordance with one embodiment of the invention, Vj is either a 
nominally zero level when a selected MOSFET switch 25 is gated on or a nominally V r 
level when a selected MOSFET switch 25 is gated off. 

As discussed in the referenced U.S. Patent, word line 28 is insulated from the bit 
line 40 except at selected cell sites where a connection is made between a word line and a 
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bit line by data resistor 30. At the memory cells where data resistor 30 is present, current 
I a flows from word line 28 to bit line 40. Current I a is then conveyed sense amplifier 42 
by bit line 40. 

In this illustrated embodiment of the invention, sense amplifier 42 is a feedback 
operational amplifier with a gain determined by feedback resistor 41. As would be 
understood in the art, sense amplifier 42 may be operated either in a linear or non-linear 
mode. In the shown embodiment, feedback resistor 41 is a fixed value, and is 
substantially independent of temperature. The output voltage of sense amplifier 42 may 
then be determined from current I a and feedback resistor 41 . As both the current I a and 
resistor 41 are temperature-independent, the output voltage remains substantially 
constant. 

Figure 4 illustrates a second embodiment of the invention as applied to a ROM 
device illustrated in Figure 1. In this embodiment of the invention, a single constant 
current source 27 and reference resistor 29 are used to generate reference voltage V r . 
Reference voltage V r is then applied to each word line 28 through, in this illustrated 
embodiment, CMOS switch 25. As illustrated, CMOS switch 25 is implemented as an 
inverter composed of two complementary MOSFET switches 62 and 64. In this 
embodiment, when a selected address line 24 is high, switch 64 is gated off and switch 62 
is gated on. Accordingly, the voltage level at the input to drive 26 and, correspondingly, 
word line 28 is nominally at a ground level. However, when a selected address line 24 is 
low switch 64 is gated on and MOSFET switch 62 is gated off. In this case, the voltage 
level at the input to drive 26 and, correspondingly, on word line 28 is nominally reference 
voltage V r . This embodiment of the invention is advantageous over that illustrated in 
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Figure 3 as the same reference voltage is selectively applied to each of the plurality of 
input drivers 26. 

In the specific case of a ROM employing polysilicon data resistors, it is further 
advantageous to operate the data resistor in a non-linear region. Properties of polysilicon 
5 are well known in the art. As is known in the art, the current through a polysilicon 
resistor is determined as: 


l(v) = I o sink 


yv 0 


where 1 0 =a*exp 


ho 


[i] 


[2] 


Vo is proportional to the absolute temperature, T; 
10 k is Boltzmann's constant; and 

Eo is approximately 0.5 eV, which is approximately half 
the bandgap of silicon. 

From Equation 1 it would be understood by one skilled in the art that when the 
voltage, V, is greater than Vo, then the resistance in the polysilicon material is non-linear. 
1 5 A more detailed presentation of the properties of polysilicon materials may be found in 
Chapter 5 of "Polycrystalline Silicon for Integrated Circuit Applications," Ted Kamins, 
Kluwer Academic Publishers, Boston, 1988. Furthermore, it is understood from 
Equations 1 and 2, that the current, Ifv), is exponentially related to the voltage and the 
inverse of temperature, therefore, large changes in resistive value are compensated by 
20 small changes in voltage. In still another embodiment of the invention, the current 
flowing through data resistor 30 may be proportional to the input current I a . 
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As would be understood by those skilled in the art, the reference voltage, V r , may 
be generated by analog or digital means from locally measured temperature. Further still, 
the reference voltage may be developed externally or internally to the ROM. In a 
preferred embodiment of the invention, polysilicon reference resistors and an analog 
5 method are used to generate the reference voltage. 

The examples given herein are presented to enable those skilled in the art to more 
clearly understand and practice the instant invention. The examples should not be 
considered as limitations upon the scope of the invention, but as merely being illustrative 

1 0 and representative of the use of the invention. Numerous modifications and alternative 
embodiments of the invention will be apparent to those skilled in the art in view of the 
foregoing description. Accordingly, this description is to be construed as illustrative only 
and is for the purpose of teaching those skilled in the art the best mode of carrying out the 
invention and is not intended to illustrate all possible forms thereof. It is also understood 

1 5 that the words used are words of description, rather than limitation, and that details of the 
structure may be varied substantially without departing from the spirit of the invention 
and the exclusive use of all modifications which come within the scope of the appended 
claims is reserved. 
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